Could the intrinsic characteristics of tolerance to hypoxia be retained in Tibetan high-altitude natives after they had migrated to a low altitude? To answer this question, we undertook a study of 33 healthy male adolescent Tibetans born and raised in a high plateau (3,700 m [12,140 ft] above sea level) who migrated to Shanghai (sea level) for 4 years. Ten agematched healthy male Han adolescents born and raised in Shanghai were regarded as the control group. Acute hypoxia was induced in a hypobaric chamber for 2 h to simulate the 3,700 m altitude. At sea level, maximal oxygen consumption (VO 2 max ) was not significantly different between the two groups. During acute hypoxia, the values of VO 2 max , tissue oxygen extraction, arterial oxygen pressure, and the arterial oxygen saturation showed markedly higher in Tibetan subjects than in Han subjects (1.41 ± 0.04 l/min/M 2 vs.1.25 ± 0.04 l/min/M 2 , 55.0 ± 4.2% vs. 47.3 ± 9.1%, 7.2 ± 0.6 vs. 5.5 ± 0.2 kPa, and 87.9 ± 3.3% vs. 78.2 ± 1.6%, respectively, P < 0.05). The calculated "oxygen reserve capacity" and "cardiac reserve capacity" were better in the Tibetans than in the Han natives (P < 0.05), which suggests that physical work capacity is greater in the Tibetan group. The sympathetic stimulation was less, and there was no noticeable change in cardiac function during acute hypoxia in the Tibetan group. The results indicate that the better tolerance to hypoxia in the Tibetans is retained during the 4-year stay at sea level, implying that the intrinsic hypoxic adaptation still exists in the Tibetan high-altitude natives.
For thousands of years, the overwhelming majority of Tibetans have been living at the roof of the world, characterized by an average altitude in excess of 4,000 m (13,123 ft). It is necessary that mechanisms be developed to compensate for low oxygen levels and to facilitate metabolism and other physiological functions in this hypoxic environment for both humans and animals.
Our previous study has demonstrated that there exists a close relationship between the "cardiac pump function test" and hypoxic tolerance or climbing performance during a Mt. Everest expedition, and that Tibetans have a significantly better preservation of cardiac pump function [1] . We have also reported that compared to lowlanders, Tibetans have fewer incidents of excessive polycythemia, hypoventilation, and low pulmonary diffusion capacity than were observed in the lowlander's mountain sickness [2] . It is unclear whether the better hypoxic tolerance in the Tibetans is a result of the body's processes (physiological acclimatization) or of an intrinsic characteristic tolerance (genetic adaptation), or both. A comparison of the differences in the physiological responses to hypoxic stress in certain circumstances between Tibetans and lowlanders may reveal some essential facts about the possible mechanisms underlying the Tibetans' hypoxic tolerance.
This study is one of our long-term projects to observe through physiological measurement the superior hereditary tolerance to acute hypoxia. A study of the physiological changes in the highlanders after long-term sea-level residence may therefore provide us with a better understanding from another aspect of the process of adaptation to high altitudes. If the Tibetans have developed a "hereditary adaptation" similar to a genetic characteristic, such a characteristic would be retained during habitation in the lowlands. On the other hand, if the benefit is an "acquired acclimatization" at high altitudes, the hypoxic resistant capacity would be similar to the capacity of lowland residents after living at sea level for many years. A comparison of the differences between native highlanders and native lowlanders of their physiological responses to hypoxia may disclose some essential benefits against hypoxia. If the specific resistant reactions or genetic factors are identified in the adapted subjects, we will better under-stand the mechanisms of induced protection and may eventually use it to resist hypoxia-induced damage caused by diseases and the environment.
A decrease in cardiac function had been confirmed in lowlanders during acute hypoxia by many observations, including ours [8] . However, to our knowledge no previous report was made about the exercising performance and cardiac functions in the Tibetans after their migration to low-altitude habitation for many years.
MATERIALS AND METHODS

Subjects.
The study subjects consisted of the following. (i) High-altitude native group: 33 Tibetan adolescents raised in an environment higher than 3,700 m (12,140 ft) had migrated to Shanghai, which is at sea level. They were students in a school and had not returned to high-altitude living in the 4 years prior to the study. In that time we could not organize enough girls with similar conditions for gender comparison. (ii) Lowland control group: 10 age-matched lowlander adolescents who were born in the sea-level environment and had no high-altitude exposure history.
The human subjects in both groups were treated according to the recommendations of the Declaration of Helsinki. All subjects signed the informed consent approved by the human ethics committee of the Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences. Both groups were randomly chosen from volunteers who were similar in age, body weight, and height; exercise background; and nutrition history. All subjects were of good health and were on no prescribed medications.
Acute hypoxia. Acute hypoxia was induced by exposing the subjects in a hypobaric chamber (V = 9.08 × 2.87 × 2.17 = 56.5 m 3 ) to the simulated altitude of 3,700 m for 2 h. The great chamber has 26 m 2 floor space with a washroom, air conditioning, telephone communication, and necessary experimental apparatuses provided in comfortable and peaceful conditions (noise levels were below 50 db) for the physiological studies. Investigators and subjects can easily convert the chamber into a suitable laboratory to also carry out research activities and various experiments. The rising speed was 5 m/s, and the acute hypobaric hypoxia took place at 3,700 m in the hypobaric chamber. Chamber atmospheric pressure and oxygen partial pressure were kept at 64.3 and 13.4 kPa, respectively.
Experimental protocols. After completing instrumentation calibrations, the at-rest baseline recording for cardiopulmonary function was taken at sea level in the chamber. The standard of rest conditions is designed in this way: the subjects are seated for 15 min, and physical loading begins after both the heart rate and blood pressure have been stable for 5 min. The chamber pressure is depressurized to 3,700 m in 15 min. After 30 min for stability, the recording of the at-rest state was measured, and physical loading was performed the same as at sea level. During the at-rest state, 2 ml of radial arterial blood and intermediate antebrachial venous blood samples were also collected and immediately analyzed for blood gas.
Maximal oxygen uptake. Maximal oxygen uptake (VO 2 max ) was tested with a bicycle ergometer (Monark 818E, Sweden). Oxygen consumption was measured by using a computerized system (Sensor Medics series 2000, USA). Heart rate was continuously recorded with an ECG monitor (Life Scope 8 ODE-1800, Japan). A resting condition was recorded for 20 min while the individual subjects were seated on an ergometer, followed by warmup cycling at 0 W (unloaded) for 4 min. The work rate was then continuously increased 20 W every minute until exhaustion. The VO 2 max was then determined. Maximal exercise work load and maximal heart rate were also obtained from the test.
Oxygen transfer to tissues. Oxygen transfer to tissues was expressed by the oxygen extraction at tissue level. Radial arterial and intermediate antebrachial venous blood oxygen partial pressure and saturation, oxyhemoglobin dissociation curves, and P 50 level were determined. Blood oxygen partial pressure was measured using ABL3 automatic acid-base analyzer (Radiometer, Denmark). The oxyhemoglobin dissociation curves and P 50 level were measured using a Hemox Analyzer (TcS, USA). Oxygen extraction in tissue was calculated as follows:
Oxygen extraction (O 2 EXT %) = (arterial oxygen content -venous oxygen content)/arterial oxygen content × 100% Sympathetic stimulation level. Heart rate variability (HRV) has been used to reflect sympathetic stimulation at sea level and one hour after arrival at the simulated altitude of 3,700 m in the hypobaric chamber. At sea level and one hour after ascent to 3,700 m, when the subjects are in resting position, a 10-min ECG signal from each subject was digitized and recorded at a sampling rate of 1,000 sample/s with MacLab/4e system and Chart 3.5 software. (Chart 3.5 HRV extension, AD Instruments, Australia).
Evaluation of hypoxic resistance. At sea level, only 15% of the oxygen-taken capacity is used for basic metabolism. The remaining 85% is reserved for strong physical activity that is usually represented by VO 2 max and that depends on individual physiological maximal activity. In the hypoxic environment, the completion of a given physical loading needs higher physiological activity to take in the same amount of oxygen, such as increases in cardiac performance and ventilation. Thus when the physiological activity reaches the maximal limitation, the VO 2 max would be less than that at sea level; that is, there would be a decrease in "oxygen reserve capacity." It is hypothesized that the adaptive and acclimatized individuals would have better oxygen reserve capacity than the sea level natives at high altitude. Therefore a comparison of the reserve capacity during acute hypoxia would reveal some differences between different adaptive and acclimatized individuals. The higher reservation should be a higher resistance to acute hypoxia. In this study, the hypoxic resistance was evaluated during acute hypoxia with three kinds of measurements:
(1) The oxygen reserve capacity was analyzed as follows:
Oxygen reserve capacity (%) = 100 -(VO 2 rest /VO 2 max ) × 100
(2) Heart rate reserve (HR reserve ) and efficiency of work were also estimated as follows:
This formula is modified from previous reports [9, 11] .
(3) Efficiency of work (ml O 2 /min/W) = VO 2 max /maximal workload Statistical analysis. The reported values are means ± standard error (SE) in the text, tables, and figures. The Statview 5.0.1 program (SAS Institute, Cary, NC 1999) was used for statistical analysis. The data were evaluated with repeated measure analyses of variance within groups and single factor analyses of variance across groups. When significant F values were obtained, individual group means were tested for differences. The criterion for significance was p < 0.05 for all comparisons.
RESULTS
The age, body weight, and height were not significantly different between Tibetan and Han (Table 1) subjects. At rest, respiratory and blood indices measured before depressurization were similar between the groups. The forced vital capacity (FVC) and forced expiratory volume (FEV) were similar in both groups (3.05 ± 0.06 l/M 2 and 86.8% VC in Tibetans; 2.75 ± 0.06 l/M 2 and 89.3% VC in Han subjects). The red blood cell count (RBC), hemoglobin concentration (Hb), and hematocrit (Hct) were at normal levels 4.5 ± 0.1 × 10 6 /ml, 14.0 ± 0.2 g/dl, and 39.1 ± 0.7% in Tibetan; 5.1 ± 0.2 × 10 6 /ml, 15.7 ± 0.3 g/dl, and 45.4 ± 1.3% in Han subjects. The basic physiological parameters at sea level were not significantly different between the Tibetan and Han groups at the rest baseline, but they showed a higher response in the Han group during rest at 3,700 m ( Table 2) .
Maximal oxygen uptake
There was no significant difference in VO 2 max between the subject groups at sea level (P > 0.05). During acute hypoxia, the VO 2 max was decreased in both groups, but higher (P < 0.05) in the Tibetan group(1.41 ± 0.04 l/min/M 2 ) than in the Han group (1.25 ± 0.04 l/min/M 2 ), indicating better physical work capacity in Tibetans.
Oxygen transfer to tissue
The oxygen transfer to tissues was similar in the Han and Tibetan groups at sea level (P > 0.05). During acute hypoxia, the oxygen extraction in tissue (O 2 EXT ) was 55.0% ± 4.2% in Tibetans, which was significantly higher than that in Han subjects (47.3 ± 9.1%) (P < 0.01). The arterial oxygen pressure and saturation were also higher in Tibetans (7.2 ± 0.6 kPa and 87.9 ± 3.3%, respectively) than in Han subjects (5.5 ± 0.2 kPa and 78.2 ± 1.6%, P < 0.05, respectively).
Sympathetic stimulation
The data on HRV should be better clarified, specifying what indicates levels of sympathetic and parasympathetic stimulation. In acute hypoxic conditions, the Tibetan group showed no significant change in sympathetic stimulation (Table 3) , but the Han group showed an obviously higher sympathetic stimulation. Tibetan grouping correspondence to the major parameters of HRV, including SDRR, SDSD, pNN50%, HF, and LF/HF were unchanged. However, the SDRR, SDSD, pNN50%, and HF values in the Han group were markedly reduced, and LF/ HF was increased as a result of the rapid elevation to 3,700 m.
Evaluation of hypoxic resistance
The "oxygen reserve capacity" was much higher in Tibetans than in Han subjects ( Fig. 1, P < 0.05) . To analyze the main factor that may affect the oxygen reserve capacity, we measured the respiratory function, efficiency of work in the tissue, and cardiac reserve. The maximal ventilation was not significantly different between the groups, implicating that the respiratory function would not be an essential factor.
The efficiency of work (EVO2) in the tissue was similar to each other between Tibetan (106.1 ± 5.5 and 112.8 ± 4.0 ml/min/W) and Han (103 ± 2.6 and 111.6 ± 5.4 ml/ min/W) subjects, indicating that the mechanical efficiency of work in the tissue is not an essential factor.
Resting heart rate was obviously lower in Tibetans than in Han subjects during exposure to acute hypoxia ( Table  2 ). The heart rate reserve under hypoxic conditions was higher in the Tibetan group (54.0% ± 2.0%) than in the Han group (44.1 ± 0.7%), P < 0.05 (Fig. 2) , suggesting that the cardiac capacity is an important factor that relates to the "oxygen reserve capacity" and the tolerance to acute hypoxia in Tibetans.
DISCUSSION
Tibetans are typical adaptive residents at high altitudes [6, 16] . How long the genetic adaptive ability can be maintained after their migration to sea level remains to be answered. Although a survey noted that Tibetans born and raised at sea level for 20 years suffer no symptoms of mountain sickness or general "mountain responses" when they ascend to 4,700 m (15,420 ft) for the first time, and that a Tibetan displayed good health upon returning to high altitudes at an older age after residing at sea level for 28 years [10] . However, there is no physiological study to SDRR, standard deviation of all RR intervals (ms); SDSD, standard deviation of differences between adjacent RR intervals (ms); PNN50, percentage of number of pairs of adjacent RR intervals differing by more than 50 ms of the total number of RR intervals (%); LF, power in the low-frequency range (0.04-0.15 Hz); HF, power in the high-frequency range (0.15-0.4 Hz). *P < 0.05, **P < 0.01, 3,700 m vs. sea level; † P < 0.05 Tibetan vs. Han at sea level; # P < 0.05, ## P < 0.01, comparisons of the changes before and after ascent to 3,700 m in the Tibetan and Han groups.
Fig. 1.
Oxygen reserve capacity during acute hypoxia. The abbreviations used are Reserve VO2, oxygen reserve capacity (see text); T, Tibetan group; H, Han group. There are no significant differences in the reserve of oxygen consumption among the groups at sea level (0 m), but it is significantly higher in the Tibetan group than in the Han group during acute hypoxia (3,700 m).
Fig. 2.
Heart rate reserve during acute hypoxia. The heart rate reserve (HR rerserve) is significantly higher in Tibetans (T) than in the Han subjects (H) during acute hypoxia (3,700 m).
confirm whether the intrinsic characteristic tolerance could be maintained for a long period after migration to the low altitude. This is the first such study at sea level (Shanghai) to measure the physiological adaptive characteristics of Tibetans residing at low altitudes for as long as 4 years. Results indicated that Tibetans had good tolerance to acute hypoxia in the hypobaric chamber. Adaptation can be represented by normal daily activities (appetite, sleep) and mental condition, especially physical work capacity. Although there are different opinions, maximal oxygen consumption is still a common index to represent physical endurance [5] . We have collected data related to high-altitude performance and calculated maximal oxygen consumption at different altitudes [4, 14] . For example, at the summit of Mt. Everest, the content is about 1/3 that at sea level; the average maximal oxygen consumption decreases to a 13-20% value of sea level, or about 6-9 ml/min/kg. In an upright position, a climber will use about 5.5-8 ml/min/kg of oxygen. Thus it is close to the limitation for physical work loading in the lowland climbers, but it may still have some reserve for Tibetans who have a better climbing capacity at extremely high altitudes [7] . This study showed that Tibetans have significantly better maximal oxygen consumption and oxygen reserve capacity during acute hypoxia. This indicates that Tibetans retain adaptive intrinsic characteristic tolerances to hypoxia after living for as long as 4 years at sea level.
The maximal oxygen consumption level depends on oxygen taken from the environment, oxygen transports to cell by blood circulation, and oxygen reaction in the cell. In healthy physiological conditions, cardiac reserve capacity plays an important role to reflect physiological adaptive ability during climbing [7] . The maximal oxygen consumption depends on the reserve of cardiac output and heart rate [1] . Heart rate reserve has been studied during acute hypoxia in high-altitude chambers and climbing Mt. Everest [8] . During acute hypoxia, lung inhalation capacity and hemoglobin carrying-oxygen capacity should not be significantly changed immediately as a response of cardiac function; the main limitation of the oxygen reserve capacity would be the reserve of the cardiac pump. Therefore the reserve of cardiac function, such as the heart rate reserve, has been used to determine the capacity of hypoxia tolerance [11] . Although hypoxia directly plays a role on the myocardium to exhibit negative inotropic and chronotropic effects [9] , acute hypoxia in vivo induces positive inotropic and chronotropic effects [9, 11] . These latter effects are caused by a nonspecific systemic response to hypoxia as a stress until severe hypoxia plays a dominant depression role. In this study the Tibetans showed less sympathetic stimulation, indicating a retained high-altitude adaptive intrinsic characteristic. It is well understood that physical workload capacity of the lowlander residents decreases at high altitudes [15] and that any previous acclimatization would have dissipated after three years [2] .
In pace with elevation to altitude, the cardiac capacity was neither changed nor decreased, but cardiac function increased in resting condition, so that the difference between the cardiac capacity and the increased cardiac function should decrease; that is, reserve was decreased. An increase of cardiac pump loading at rest would leave less reserve to be allowed for use during physical loading. In addition, the lowlanders need more cardiac activity to perform the same physical loading at high altitude than at sea level. Previously, we have observed that a loading can be continued 8 h at sea level by Han natives, but it was too heavy to be performed at 4,000 m because of a 22% decrease in capacity. In this study, the Tibetans maintained a good cardiac reserve capacity and could perform the same loading at both sea level and acute hypoxia. This implies resultant genetic adaptation by the Tibetans.
Adaptive reaction can ameliorate injury induced by acute hypoxia and ischemia in human and animal experiments, including isolated organs at molecular level observation [12, 17] . Therefore compensation and tolerance play a more essential role in cells than in organs. In this study, Tibetans showed less response at the organ level (such as heart rate) than Han subjects during acute hypoxia. They did not show higher ventilation, cardiac function, or P 50 level; however, there was a significant change in the ability of oxygen transport. The oxygen extraction of the tissue is much higher in Tibetan subjects than in Han subjects. A higher arterial oxygen pressure and saturation may represent either better oxygen membrane diffusion or red cell capacity to bring oxygen, or both, in an adaptive and acclimatized person than in an unacclimatized Han subject (mountain sickness) [3] . Thus the hypoxic inducible molecular mechanisms and humoral factors in animals and humans adaptation still need to be further explored.
The clinical observation showed that mountain sickness appeared in the lowlanders at high altitudes after returning to lowland altitudes for 1 year. This implies that the lowlander's acclimatization would be lost in about a year after a return to the lowlands. In this study, Tibetans still showed a better ability of oxygen transport after remaining in the lowlands for 4 years, implying that the intrinsic characteristics of adaptation are different from the acquired characteristics of acclimatization.
The study concludes that the superior physical performance, oxygen transport ability, and less stress response to acute hypoxia found in the Tibetans may represent some inherent features of high-altitude adaptation that can be retained for at least 4 years while staying at low-altitude levels. 
